Introduction
Epithelia are sheets of cells that constitute the lining of most of the organs of the body-such as the skin, the digestive and respiratory tracts, and the urogenital system-and separate the inside of the body from the outside (Blanpain et al., 2007 ). An epithelium can be composed of one (simple epithelium) or multi ple layers of cells (stratified epithelium), and forms the majority of the glands. A variety of specialized differentiated cells present in these epithelia ensure the important diversity of physiological functions they control. The skin epidermis acts as a barrier that keeps fluids in and protects the animal from the aggressions of the external environment. The lungs allow the gas exchange necessary for cellular respiration. The gut together with its asso ciated glands allows the absorption of water and nutrients. The urologic system allows the evacuation of ions, water, and toxic byproducts of metabolism. The genital tract ensures reproductive function. Due to their vital functions, epithelia have mechanisms to ensure their proper maintenance and functionality. Some epithelia such as the skin or the intestine have a very high cellular turnover to replace the cells that are continuously lost . Other epithelia, such as those of the airway tracts, renew much more slowly under physiological conditions but nevertheless can rapidly and extensively proliferate to repair tissue upon damage or injuries . Stem cells (SCs) located in these different adult tissues are essential to sustain tissue turnover and repair these different epithelia upon injuries. SCs can renew throughout life and can differentiate into the different cell lineages of their tissue of origin. The balance between SC proliferation and differentiation must be precisely controlled, as deregulation of this process may lead to tissue atro phy and cancer formation. Carcinoma, which are tumors arising from epithelium, are by far the most common cancers in humans and lead to millions of death per year throughout the world.
Different assays have been developed to study the func tion of epithelial SCs. Inspired by the field of hematopoietic SCs, the most common assay to assess the renewal and differentiation of putative epithelial SCs is their transplantation into immuno deficient animals (Blanpain et al., 2007) . Although transplantation assays are very informative about the differentiation potential of SCs, they do not necessarily reflect physiological conditions because SCs are dissociated from their normal environment and very often transplanted into a heterotopic site, such as into the renal capsule (the fibrous layer surrounding the kidney) or the dermis, with or without their normal underlying mesenchyme. These assays recapitulate embryonic development or severe regeneration conditions rather than normal tissue homeostasis. Lineage tracing has now become the method of choice to study the renewal and the differentiation potential of SCs in intact tissue, as this approach avoids the many drawbacks of transplantation experiments. In this technique, a particular cell lineage is labeled and the fate of the labeled cells and their progeny is analyzed over time. These experiments are usually performed in mice co expressing two different transgenes: a CRE recombinase expressed under a lineagespecific promoter, and a reporter gene only expressed when the CRE removes a stop cassette that precedes the reporter gene. Upon CRE excision of the stop cassette, the reporter transgene is permanently expressed in these cells and all their future progeny. Two different CRE genes can be used to perform such experiments: a constitutive CRE, which is natu rally active, and an inducible CRE, which is usually fused to a mutated nuclear hormone receptor such as the estrogen receptor (ER) called CREER or progesterone receptor (PR) called CREPR. In the absence of their synthetic ligands (such as tamoxifen for the CREER or RU486 for the CREPR), the CREER is maintained Epithelia ensure many critical functions of the body, including protection against the external environment, nutrition, respiration, and reproduction. Stem cells (SCs) located in the various epithelia ensure the homeostasis and repair of these tissues throughout the lifetime of the animal. Genetic lineage tracing in mice has allowed the labeling of SCs and their progeny. This technique has been instrumental in characterizing the origin and heterogeneity of epithelial SCs, their tissue location, and their differentiation potential under physiological conditions and during tissue regeneration.
Tracing epithelial stem cells during development, homeostasis, and repair Alexandra Van Keymeulen 1 and Cédric Blanpain (Nowak et al., 2008) also revealed that HFs were entirely labeled whereas the interfollicular epidermis was not labeled, demon strating that the interfollicular epidermis and the HF lineages arise from two independent sources of cells that are maintained independently in adult animals. In addition to ensuring the barrier function and thermoregu lation, the skin epidermis is also a sensory organ that perceives all kinds of sensory stimuli. Merkel cells are neuroendocrine cells scattered in the epidermis that are responsible for the fine touch sensation Lumpkin et al., 2010) . Merkel cells present a number of characteristics of presynaptic neurons. They are excitable cells that express proneural transcription factors, possess many components of the presynaptic machinery, and contact the end of sensory nerves (Haeberle et al., 2004) . Due to their resemblance with neuronal cells, there has been a longstanding debate whether Merkel cells originate from the neural crest derivatives or from epidermal cells. Two independent groups have recently demonstrated using lineagetracing exper iments that Merkel cells do not originate from neural crest cells, but rather from epidermal progenitors by a mechanism depend ing on the expression of the proneural transcription factor Atoh1 in epidermal progenitors (Morrison et al., 2009; Van Keymeulen et al., 2009) .
Transplantation experiments suggested that the perma nent portion of the HF called the bulge contains multipotent SCs able to differentiate into all epidermal lineages including HF, sebaceous gland, and interfollicular epidermis upon trans plantation with embryonic skin mesenchyme into immuno deficient mice (Rochat et al., 1994; Oshima et al., 2001; Blanpain et al., 2004; Morris et al., 2004; Claudinot et al., 2005; Jaks et al., 2008) . Lineage tracing of adult bulge SCs using the K15CREPR (Morris et al., 2004) , ShhCRE (Levy et al., 2005) , Sox9CRE (Nowak et al., 2008) , Lgr5CREER (Jaks et al., 2008) , and K19CREER (Youssef et al., 2010) markers confirmed that bulge SCs are indeed multipotent SCs responsible for the maintenance of all HF lineages under physiological conditions (Fig. 1, B and C) . Clonal analysis of bulge SCs indicated that some bulge SCs can differentiate into all HF lineages, whereas others are com mitted to either the outer or the inner cell layers (Legué et al., 2010; Zhang et al., 2010) . These results suggest that the hetero geneity in the differentiation potential of bulge SCs is either related to an intrinsic heterogeneity of bulge cells containing multipotent and unipotent SCs or through a regulation of the lineage differentiation potential of multipotent SCs. Similarly to the embryonic HF lineage tracing, lineage tracing of adult bulge SCs also revealed that the HF lineages do not contribute to the homeostasis the interfollicular epidermis under physio logical conditions (Morris et al., 2004; Jaks et al., 2008; Youssef et al., 2010) , consistent with the presence of two sep arate pools of SCs that separately maintain HF and interfollic ular epidermis turnover (Fig. 1 D) . However, upon wounding, bulge SCs are rapidly activated and actively participate in the repair of the damaged interfollicular epidermis (Fig. 1, E and F; Tumbar et al., 2004; Ito et al., 2005; Levy et al., 2007) . These experiments suggested that the multipotency of bulge SCs observed in transplantation assays represents the fate of bulge SCs in a wounding or regenerative environment. Lineage tracing inactive in the cytoplasm. Administration of the synthetic ligand induces activation of the inducible CRE recombinase, which in turn induces the expression of the reporter gene in the cells expressing the CRE and all their subsequent progeny, allowing the fate of labeled cells to be followed over time. The limitation of the inducible lineage tracing experiments is the identification of a specific promoter that targets the SC of interest and the mosaic expression of the reporter gene within the SC popula tion. The latter precludes one from drawing any firm conclusions about the fate of the nonlabeled cells. In these studies, it is gen erally assumed that the labeled cells are representative of the whole SC population. Because there is an important hetero geneity within epithelial SCs, one should always leave open the possibility of the existence of another population of epithelial SCs not labeled by this approach. The frequency of labeled cells over time is a good indication of whether these cells are in equi librium with other SC populations; if nonlabeled SCs replace labeled cells, the frequency of labeled cells should decrease over time. Clonal analysis allows following the fate of single marked cells. To perform clonal analysis, it is necessary to mark individual cells sufficiently distant from each other to follow the fate of individual clones. This can be achieved by lowering the dose of the TAM until it induces CREER activity in isolated cells. Lineagetracing experiments provide important information about the cellular hierarchy that governs epithelium development and homeostasis, and uncover the diversity of epithelial SCs, their origin, tissue location, renewal, migration, and differentiation potential, as well as their ability to contribute to tissue repair and tumor initiation. Different methods to perform lineage tracing in vertebrates and invertebrates have been recently thoroughly reviewed elsewhere (Buckingham and Meilhac, 2011; Kretzschmar and Watt, 2012) . In this review, we discuss the novel insights into epithelial SCs and their lineages that have been gathered thanks to the use of this technique in mice.
The skin epidermis
The skin epidermis is composed of the interfollicular epidermis, which forms the skin barrier, and its various appendages such as the hair follicle (HF), the sebaceous gland, and the sweat gland (Fig. 1 A; Blanpain and Fuchs, 2006) . During mouse em bryonic development, HFs are specified through an epithelialmesenchymal interaction around embryonic day (E) 16. At this stage, a group of cells that present an elongated morphology called the placode progress to form a bud called the hair germ, which keeps growing and differentiates into the seven concen tric cell lineages that form the mature HF (Blanpain and Fuchs, 2006) . Lineage tracing during embryonic epidermal development using ShhCRE (Levy et al., 2005) or Sox9CRE (Nowak et al., 2008) , which are specifically expressed in the hair germ, demon strated that all HF lineages including adult HF SCs and the seba ceous gland arise from embryonic progenitors expressing these two markers during HF morphogenesis. Similar longterm labeling of the HF lineages has been obtained using Lgr6CREER lineage tracing at E17.5, which is also expressed in embryonic hair germ, although its expression is broader and included cells of the interfollicular epidermis (Snippert et al., 2010a) . Embryonic lineage tracing using ShhCRE (Levy et al., 2005) and Sox9CRE
Sebaceous gland SCs arise from multipotent embryonic HF progenitors expressing Shh, Lgr5, Sox9, and Lgr6 (Levy et al., 2005; Nowak et al., 2008; Snippert et al., 2010a) as it has been previously suggested. New studies combining clonal analysis with different epidermalspecific CREER and prolifera tion kinetic data will be helpful to address these open questions.
In summary, lineagetracing experiments in the skin epider mis indicate the existence of multiple populations of stem cells that ensure the maintenance of different compartments of the epidermis and play distinct roles during homeostasis and repair.
The mammary gland
The mammary gland of the mother plays an essential role during the early postnatal life of young mammalian offspring by pro viding them nutrients, water, and electrolytes, and immune defense until they reach the size and maturity to survive independently. Mammary glands are epidermal appendages that are specified along the ventral epidermis around E12 during mouse embryonic development. These glands are initially visible as placodelike structures that progressively invade the underlying mesenchyme, called the mammary fat pad. At puberty, the mammary gland expands considerably to form a highly branched tubular struc ture that progressively fills the entire fat pad. The epithelial part of the mammary gland comprises two main cell types, the basal myoepithelial cells and the luminal cells, which can differentiate either into ductal cells or milkproducing alveolar cells (Fig. 2,  A and B) . During pregnancy, the mammary gland further expands and differentiates into milkproducing cells. After each cycle of pregnancy, the mammary gland involutes through a massive apoptosis of alveolar cells after which the gland returns to a similar morphology as before pregnancy (Watson and Khaled, 2008) . Transplantation studies using different populations of mam mary epithelial cells isolated by fluorescenceactivated cell sorting have demonstrated that rare single cells are able to reconstitute an entire functional mammary gland Stingl et al., 2006) . These results suggest the presence of rare multipotent mammary SCs at the top of the cellular hierarchy of the breast epithelium (Visvader, 2009 ). The whey acidic protein (WAP) promoter is active in luminal cells during pregnancy and lactation. Lineagetracing experiments using the WAPCRE, which labeled luminal cells during pregnancy, identified luminal cells capable of resisting apoptosis during involution and which clonally expand upon the succeeding pregnancy to give rise to luminal and alveolar cells. These cells were therefore described as alveolar progenitors and called parityinduced cells (Wagner et al., 2002) . More recently, lineage tracing of the mammary gland using inducible CRE expressed either in myoepithelial cells (K14 or K5expressing cells) or in luminal cells (K8 or K18expressing cells) demonstrated that the mammary gland initially develops from multipotent embryonic K14expressing progenitors, which give rise to both myoepithelial cells and luminal cells. However, postnatal mammary gland development that occurred during puberty, as well as mammary gland expan sion that accompanied pregnancies, are ensured by the presence of two types of longlived SCs. K14/K5expressing myoepi thelial and K8/18expressing luminal unipotent SCs are able to differentiate at the clonal level into myoepithelial or luminal lineages, respectively, rather than being maintained by rare multipotent SCs (Fig. 2, C-H) . Decreasing the ratio of luminal to myoepithelial SCs stimulates the luminal differentiation of the HF and give rise to the cells of the adult sebaceous gland including sebaceous gland SCs (Horsley et al., 2006) . The long term labeling of the sebaceous gland observed after Lgr6 line age tracing in adult skin demonstrates the presence of resident Lgr6expressing sebaceous gland SCs (Fig. 1 G) . Similar to bulge SCs, Lgr6expressing isthmus SCs are also recruited toward the interfollicular epidermis upon wounding and con tribute to the repair of the damaged epidermis (Snippert et al., 2010a) . A recent study using new K15CREER transgenic mice suggests that a fraction of bulge SCs migrate upward toward the isthmus region and replenish the sebaceous gland under homeo static and physiopathological conditions (Petersson et al., 2011) . Further studies will be required to better understand the respec tive contribution of bulge versus resident Lgr6+ SCs in main taining the homeostasis of the sebaceous gland and defining the mechanisms leading to the recruitment and the migration of bulge SCs to this gland.
As previously mentioned, the interfollicular epidermis is maintained by a source of SCs that is distinct from the HF lineages during postnatal physiological conditions. Many small units of proliferation called epidermal proliferative units (EPUs) scattered all along the interfollicular epidermis ensure the con stant turnover of the epidermis and its proper differentiation. Based on morphological and proliferation studies, it has been proposed that the interfollicular epidermis is maintained by hexa gonal shaped EPUs containing one SC and 10 transitamplifying cells (Potten, 1974 (Potten, , 1981 . Retroviral fate mapping indeed dem onstrated the presence of columns of labeled cells spanning from the basal layer to the top of the cornified layer a long time after the clonal marking (Ghazizadeh and Taichman, 2001) , consistent with the presence of longlived SCs ensuring the long term homeostasis of an EPU. However, genetic lineage tracing showed that the EPU was not hexagonal in shape as suggested by histological analysis and was sometimes bigger than the 10 basal cells expected from the model based on morphological observations Rannala, 2004, 2005) . These data were interpreted as the consequence of SC migration from one EPU to another. Recently, clonal analysis studies labeling basal epidermal cells of the tail and the ear epidermis using a nontissue specific drug inducible CREER (AhCREER) showed that the majority of labeled cells are not maintained longterm and are lost over time. However, the surviving clones seemed to expand continuously, in contrast to what would be expected if these cells were maintaining a discrete and predetermined unit of the epidermis. Mathematical modeling of these data suggests that the epidermis could be maintained by one type of progenitor, without the presence of transitamplifying cells, and these pro genitors undergo population asymmetric renewal by balancing asymmetric and symmetric cell division in a stochastic manner (Clayton et al., 2007; Doupé et al., 2010) . Although this model is appealing in its simplicity, it relies on the assumption that all basal cells of the epidermis behave like the basal cells labeled by the AhCREER. The model also does not easily explain the ability of the tissue to respond rapidly to increased cell demand, such as during wound healing. Importantly, these data cannot rule out the presence of a small proportion of more quiescent SCs that would exist in equilibrium with more committed basal cells, regulate gut contractility and the secretion of the various diges tive enzymes. Although the mucus cells renew quite rapidly, the chief cells and the parietal cells responsible for acid secretion display a slow turnover. Random marking of stomach SCs after chemical mutagen administration demonstrated the coexistence of longlived multipotent and unipotent stomach SCs (Bjerknes and Cheng, 2002) . In the pylorus, the vast majority of the prolif erating cells are located in the middle zone called the isthmus. Lgr5 lineage tracing, which marked cells located at the bottom of the gland, demonstrated that the progeny of Lgr5expressing cells migrate into the isthmus region, proliferate, and give rise to all lineages of the stomach . Recently, Sox2 lineage tracing, which appears to mark cells distinct from Lgr5+ cells, showed that Sox2 also marked longlived multi potent stomach SCs (Arnold et al., 2011) . Further studies will be required to understand the relationship between Sox2+ and Lgr5+ stomach SCs.
The small intestine ensures the absorption of nutrients. The intestine is composed of proliferating crypts that produce the cells giving rise to the differentiated villi. Villi are protru sions of the epithelium in the gut lumen that massively increase the surface area of the gut to allow for greater absorption. The intestine is one of the most rapidly proliferating tissues in the body, which completely selfrenews in less than a week. Several cell myoepithelial SCs in transplantation assay . Further studies will be necessary to define the mechanisms that restrict the differentiation potential of myoepi thelial SCs under physiological conditions, and whether patho physiological conditions can expand the differentiation potential of SCs in the intact mammary gland. Also, it would be interest ing to determine whether other glandular epithelia such as the prostate or sweat glands are also maintained by the presence of distinct classes of SCs during postnatal development and adult homeostasis.
The gut
The gut regulates the absorption of water, electrolytes, nutri ents, and vitamins essential for the survival of the animal. The gut can be subdivided into the esophagus, stomach, intestine, and colon. The esophagus is a stratified epithelium resembling skin epidermis, whereas the stomach, intestine, and colon are simple epithelia composed of only one cell layer that contains the different cell lineages present in the different parts of the gut .
The stomach can be subdivided into the corpus, the pylo rus, the cardia, and the fundus. In the corpus, the parietal cells secrete the acid necessary to activate digestion, while the mucus cells secrete a protective barrier and the enteroendocrine cells lineages are present in the intestine: the absorptive enterocytes are the most abundant cells, the goblet cells produce the mucus, and the enteroendocrine cells regulate the motility of the gut and the secretion of the digestive enzymes while the paneth cells residing at the base of the crypt produce microbicide proteins (Fig. 3 A) . Based on proliferation kinetics experiments, it has been suggested that intestinal SCs reside in the crypt at position +4 with respect to the base of the crypt (Potten et al., 1978) .
The existence of multipotent SCs in the intestine has been suggested by the presence of longlived clones of marked cells that contain several types of differentiated intestinal cells (Bjerknes and Cheng, 1999) . Barker et al. (2007) identified Lgr5 as a Wnt target gene in colonic cancer lines, and demon strated that Lgr5 is expressed at the base of the crypt in intestinal crypt base columnar cells intercalated between paneth cells. In contrast to the vast majority of Wnt target genes, which are expressed throughout the crypt, including in the transit amplifying cells, Lgr5 expression is restricted to crypt base columnar cells. Lgr5CREERIRESGFP lineage tracing demonstrated that indeed Lgr5expressing crypt base columnar cells are rapidly cycling multipotent SCs of the intestine giving rise to all cell lineages of the intestine including enterocytes, goblet cells, and neuro endocrine cells, as well as paneth cells (Fig. 3 , B and C; Barker et al., 2007) .
Bmi1, a polycomb repressor, is expressed in the proximal intestine and preferentially marks the cells located in position +4. Cells labeled in lineagetracing experiments using Bmi1CREER, similarly to Lgr5+ cells, give rise to all cell lineages of the intes tine (Fig. 3, D and E; Sangiorgi and Capecchi, 2008) , suggesting the existence of two distinct classes of SCs in the small intestine. Two independent studies using CREER show that preferentially but not exclusively labeled +4 cells (mTertCREER and Hopx CREER) give rise to all intestinal lineages (Montgomery et al., 2011; Takeda et al., 2011) , confirming the presence of multi potent intestinal SCs in the +4 position. The faster expansion of Lgr5 progeny in comparison to Bmi1 or mTertderived cells suggests that +4 intestinal SCs could be more quiescent than Lgr5+ SCs, but yet longlived. Interestingly, although the ablation of Bmi1+ cells leads to the degeneration of the crypts (Sangiorgi and Capecchi, 2008) , the ablation of Lgr5 cells has no effect on intestinal homeostasis, as Bmi1+ SCs can compensate for the loss of Lgr5 cells (Tian et al., 2011) . Under physiological condi tions or after the destruction of Lgr5+ cells, Bmi1 cells can re plenish the Lgr5 pool. Similarly, mTert and Hopx labeled cells also give rise to Lgr5+ cells and conversely Lgr5 cells can give rise to Hopx cells (Takeda et al., 2011) , suggesting that the Lgr5 SCs are in equilibrium with the +4 cells SCs.
Although there are around 16 Lgr5+ cells per crypt, Lgr5 lineage tracing using a multicolor reporter mouse demonstrated that the crypt rapidly evolves from polyclonal labeling (multi color) to monoclonal labeling (monocolor) (Fig. 3, F and G) . Analysis of Lgr5 cell division revealed that they mostly divide symmetrically giving rise to 2 Lgr5+ cells, incompatible with a model in which homeostasis is maintained by pure asymmetric cell division (one SC gives one transitamplifying cell). Instead, this supports a model in which SC divisions are symmetric at the cellular level, but, at the level of the SC pool, the divisions seem to ascertain whether there is one or more colonic SCs contrib uting to the homeostasis and the regenerative potential of the colonic epithelium.
The airway system
The airway system is compartmentalized along the proximaldistal axis into three anatomically distinct regions: the trachea and bronchi, the bronchioles, and the alveoli. The cellular com position of the lung epithelium varies in the different regions, as well as the cellular hierarchy that regulates the maintenance and repair of these epithelia . The trachea and bronchi are pseudostratified epithelia containing ciliated cells, secretory cells (Clara cells and goblet cells), and basal cells (30% of tracheal epithelial cells; Fig. 4 A) . The function of this first part of the airway tract is to allow the circulation of the air but also to protect the lung epithelium by absorbing dust particles and microbes that are constantly inhaled. Through movement of the cilia, these cells chase the dirty mucus out of the respiratory tract. Rare neuroendocrine cells are also dispersed asymmetric because for one SC that divides, one SC is lost, lead ing to neutral drift dynamics in which SCs expand or are lost at random (LopezGarcia et al., 2010; Snippert et al., 2010b) .
How to reconcile the data supporting the existence of two populations of intestinal SCs in equilibrium with each other, with the presence of neutral drift toward monoclonality of the intestinal crypt? One possibility is that, despite their relatively distinct tissue localization, Lgr5 and Bmi1 are functionally equi potent SCs competing with each other in the neutral drift prolifera tion dynamics. Another possibility is that the longterm lineage tracing in both models results from the labeling of the same mul tipotent intestinal SCs, as there is a small overlap between the cells traced with Lgr5CREER and the cells traced with Bmi1, Hopx, mTER CREER. Further studies analyzing the rate of the drift toward monoclonality using Lgr5+CREER and the other +4 CREER will help to address this open question.
Although Lgr5 can also mark colonic SCs (Barker et al., 2007) , the low frequency of Lgr5marked crypts due to the mosaic expression Lgr5CREER in the colon renders it difficult essential to maintain the alveoli open. Proliferation kinetic experiments suggested that the alveolar type 1 cells are terminally differentiated cells that do not divide, neither under physiological conditions nor during tissue regeneration. On the other hand, type 2 cells divide during homeostasis and repair, and were assumed to contain SCs of the alveoli (Adamson and Bowden, 1975) , although no lineagetracing experiment has formally demonstrated this hypothesis. Cells expressing both Scgb1a1 (the Clara marker) and proSPC (a marker of cuboidal alveolar type 2 cells) have been described at the bronchioalveolar junction. These cells do not die upon injury, become proliferatively active, and exhibit SC properties in culture, and therefore were called bronchio alveolar SCs (Kim et al., 2005) . Labeling of bronchiolar cells, including the bronchioalveolar SCs, with the Scgb1a1CREER demonstrated that these cells do not contribute to the alveoli during postnatal growth and after hyperoxia injury but rather contribute to the bronchiolar regeneration ). However, a new study showed that cells labeled with the Scgb1a1CREER contribute extensively to the alveoli regener ation after bleomycininduced lung injury, suggesting that the contribution of Clara cells to lung regeneration can vary depend ing on the type of injury . Consistent with the role of Scgb1a1+ cells during lung repair after bleomycin induced injury, lineage tracing of alveolar type 2 cells using SPCCREER demonstrated that SPCderived cells are re placed by SPCnegative progenitors during lung repair after bleomycin inhalation (Chapman et al., 2011) . K14CREER lin eage tracing suggested that K14/K5positive cells appear in the bronchioles a few days postinfection of H1N1 virus and give rise to migrating K5positive clusters of cells at the sites of interbronchiolar lung damage (Kumar et al., 2011) . However, the origin of these K5positive cells remains unclear. Do they arise from Sgbd1a1 cells that begin to express K5/K14 upon injury or do they come from already K5positive cells from the main bronchia? What is their longterm contribution to alveoli lineage? Further work will be needed to clarify these open questions.
Perspectives
Lineagetracing experiments in different epithelia reveal the coexistence of several types of SCs in each epithelium. Epithelia such as the epidermis and the intestine contain rapidly cycling SCs, dividing asymmetrically at the level of the population but symmetrically at the SC level, which balanced renewal and differentiation stochastically. In addition, these tissues present a slower cycling population of cells that represent a reserve pool of SCs in case of sudden need. More studies will be required to precisely determine how the equilibrium between these two pools of SCs is achieved and what the molecular mechanisms are that allow the stochastic choice between renewal and differentiation.
Another theme that emerges from these lineagetracing studies is the existence of both multipotent and unipotent SCs maintaining the diversity of cell lineages found in these epithelia during postnatal life. Further studies will be necessary to better understand when the switch from multipotency to unipotency occurs during morphogenesis, how the differentiation of these epithelial SCs is controlled, and what the relative importance of intrinsic versus extrinsic determinants is in regulating their fate.
in the luminal layer of the trachea, which regulate the contrac tion of the respiratory tracts as well as the secretion of the mucus .
In contrast to the constant and rapid turnover occurring in the intestine or the skin epidermis, the airway system presents a very low renewal under steadystate conditions. For example, lineage tracing using Foxj1CREER, which labeled ciliated cells, supports the view that ciliated cells are postmitotic with a half time of several months under homeostatic conditions (Rawlins et al., 2007) . There is increasing evidence that basal cells function as multipotent SCs in the trachea and bronchi, able to selfrenew and differentiate into both Clara cells and ciliated cells under steadystate conditions and after injury. The first evidence that basal cells contain multipotent SCs came from lineagetracing experiments using the K14CREER to label basal cells in the trachea and bronchi during naphthalene induced epithelium regeneration, demonstrating the massive contribution of basal cells during trachea and bronchi regen eration (Hong et al., 2004a,b) . However, under physiological conditions most mouse basal cells express K5, whereas only a subset of basal cells expresses K14, which is upregulated in the basal cell population upon injury. These studies did not assess the contribution of the basal cells under steadystate conditions. Rock et al. (2009) used a K5CREER to label basal cells of the upper airway tract postnatally under physiological conditions and demonstrated that basal cells contain self renewing multipotent SCs, giving rise to Clara and ciliated cells during postnatal growth, adult homeostasis, and epithelial repair (Fig. 4, C-F) . Lineage tracing using Scgb1a1 (also called Secretoglobin 1a1 or CC10) CREER mice, which specifically marked Clara cells in the trachea and the main bronchi, demon strated that some of these cells can undergo several rounds of replication giving rise to Clara and ciliated cells. However, most of them are progressively lost and replaced over time by cells that are not marked by Scgb1a1CREER , suggesting that Clara cells in the trachea and the main bronchi do not contain SCs and behave as a transitamplifying cell population.
Bronchioles lack basal cells but are surrounded instead by myofibroblast cells (Fig. 4 B) . They are mainly composed of ciliated and secretory cells, and also contain clusters of neuro endocrine cells. Lineage tracing of Clara cells with Scgb1a1 CREER showed that Clara cells from bronchioles selfrenew over a long period of time and give rise to ciliated cells, during postnatal growth, homeostasis, and repair of the bronchiolar epithelium. This is consistent with the presence of bipotent Scgb1a1expressing SCs, which ensure the homeostasis of the bronchioles (Fig. 4 , G-I; Rawlins et al., 2009) .
Alveoli are the sites of exchange between the inhaled air and the gas of the blood. To maximize the surface of exchange between the blood and the air, the bronchioles end in multiple sacs, called alveoli, which are encased by a dense capillary net work. The alveoli contain two major cell types: the alveolar type 1 cells, which are squamous cells that comprise the major surface of the lung and express different ion transporters critical for fluidity of the mucus produced, whereas alveolar type 2 cells are cuboidal cells that secrete the surfactant protein C (SPC) New lineagetracing studies will be required to identify new types of SCs in the different epithelial tissues. For example, how are the esophagus, pancreas, bladder, prostate, and ovary developed, maintained, and repaired? Do these tissues contain multipotent SCs or different classes of unipotent SCs? The identi fication of the different SCs, transitamplifying cells, and differ entiated cells in these different epithelia will be instrumental to uncover the cell lineages at the origin of the different epithe lial cancers (Visvader, 2011) . What is the respective importance of oncogenic mutations versus the cellular origin in dictating the tumor phenotypes? Also, the identification of cellular origin of the different epithelial cancers will allow one to define more precisely the transcriptional and genetic changes accompanying tumor initiation and to understand the molecular mechanisms that shape the fate of tumorinitiating cells. Cancer SCs have been identified in several human and mouse cancers based on their ability to reform primary tumors after transplantation into immunodeficient mice (Lobo et al., 2007) . Further studies will be required to demonstrate the existence of cancer SCs during in vivo tumor growth in intact tissues using lineagetracing and clonal analysis.
